A liquid crystal device is demonstrated using a short-pitch ͑260 nm͒ chiral nematic with negative dielectric anisotropy. Due to dielectric coupling, an in-plane electric field switches the liquid crystal between the standing-helix ͑field-off, "dark" state͒ and lying-helix ͑field-on, transmissive state͒ configurations. We report experimental results on the optical transmission as a function of the applied field, the response time ͑as short as 35 microseconds͒ and the contrast ratio ͑1000:1͒.
The evolution of the liquid crystal ͑LC͒ display is well known and discussed in detail in numerous reports in the literature. 1 There is currently a strong drive toward faster response, high contrast display modes, capable of incorporating field-sequential color generation. Such devices will have a number of considerable benefits, such as higher resolution and lower power consumption, since no color filter is required. 2 A device that retains the favorable properties of existing displays, yet has a fast response time, is therefore of considerable interest. Alternative fast-switch LC technologies such as ferroelectric [3] [4] [5] [6] and uniform-lying helix flexoelectric 7, 8 have been explored. However, these LCs are notoriously difficult to align uniformly over large areas. 9, 10 Chiral nematic displays have been widely studied ͑see, e.g., Ref. 11͒, using both conventional electrodes and inplane electrodes. 12, 13 Such devices will typically be based on the effect of selective reflection within the range of operational wavelengths. More recently, it has been suggested that devices may be generated using short-pitch chiral nematics, such that the range of selective reflection lies below the range of operational wavelengths. The chiral nematic is aligned with the helical axis perpendicular to the plane of the device: variously called the "standing-helix," "planar aligned," or "Grandjean" configuration. For sufficiently short pitch, the structure is effectively optically isotropic at normal incidence, leading to a dark state between crossed polarizers. For this case, two in-plane switching mechanisms have been investigated: ͑1͒ rotation of the optic axis due to flexoelectricity using bimesogenic compositions with high flexoelectric coefficients, 14, 15 and ͑2͒ director reorientation and unwinding of the helical structure due to the dielectric response of a positive dielectric chiral nematic LC. 16 However, for the application of fringe fields to a conventional positive chiral nematic LC in the latter case, focal conic defects above the electrode areas are observed due to the nonuniform electric field distribution close to the electrodes.
In this letter, we demonstrate the operation of a device using a negative dielectric chiral nematic LC and in-plane electrodes. In this case, the switching mechanism in found to be entirely different and disruption of the texture near the electrodes is minimized. The helical structure is found to switch between a standing-helix and lying-helix configuration, as shown schematically in Fig. 1 . The effect may be understood in terms of the dielectric response of the LC.
In the absence of an electric field the helix is aligned perpendicular to the plane of the substrates with the alignment of the molecules at the surfaces oriented at 45°to the transmission axes of the polarizer and analyzer ͓Fig. 1͑a͔͒. In this case, the device appears black between crossedpolarizers. Upon application of an electric field, the free energy of a chiral nematic with negative dielectric anisotropy is minimized when the helical axis is aligned along the electric field ͑see, e.g., Ref. chiral nematic tends to switch to the lying-helix configuration. This effect has previously been unambiguously confirmed by fluorescence confocal imagery in a long-pitch system ͑ϳ5 m͒. 18 In the in-plane position, the birefringence of the LC will cause light to be transmitted. This will be optimized under the half-waveplate condition 2d͉⌬n eff ͉ = , where d is the thickness of the LC layer, ⌬n eff is the effective ͑negative͒ birefringence of the chiral nematic, and is the wavelength of light.
Samples were prepared by mixing a low concentration by weight of a high twisting power chiral dopant ͑BDH1305, Merck KGaA, helical twisting power 60 m −1 ͒ into a nematic LC with a negative dielectric anisotropy ͑⌬ ϳ −4͒ and birefringence of ⌬n ϳ 0.07 ͑in-house mixture͒, using a precision balance ͑Mettler Toledo͒. The sample was placed in a bake oven at a temperature of 100°C for a period of 24 h to ensure sufficient mixing of the constituents via thermal diffusion. The resultant mixture was capillary filled into a d = 4.3 m spaced cell which had unidirectionally rubbed polyimide alignment layers on the inner substrates in order to achieve a standing-helix in the absence of a field. To apply an electric field to the sample perpendicular to the helix axis, indium tin oxide was coated onto the surfaces using photolithography to provide interdigitated electrodes ͑Fig. 1͒. The electrode spacing and width was 15 and 5 m, respectively.
All measurements were carried out at a constant temperature of 25°C. A uniform alignment of chiral nematic LC was confirmed using an optical polarizing microscope ͑BH-2, Olympus͒. An electric field was applied using a signal generator ͑TG1304, Thurlby Thandar͒ and a high voltage amplifier ͑built in-house͒. Transmission-voltage curves and the optical response were captured using a photodiode mounted in the phototube of the microscope and connected to a digitizing oscilloscope. Photographs of the cells were captured using a Cannon Ixus-700 camera and a white light source ͑OSL1-EC illuminator, Thorlab, Inc.͒. Spectra were measured using a USB2000 spectrometer ͑Ocean Optics͒.
Photomicrographs, shown in Fig. 2 , indicate that a lyinghelix configuration is indeed obtained in our system. Further, the cell is seen to be free of disruptive defect structures. For clarity, a pitch of 370 nm is initially used, which has a considerable amount of transmittance in the field-off state ͓Fig. 2͑a͔͒. This allowed for a comparison between the regions above, and in-between, the electrodes as the angle of the LC was rotated with respect to crossed polarizers. Under the application of an electric field, a uniform texture is observed between the electrodes ͓Figs. 2͑b͒-2͑f͔͒. Above the electrodes, the standing-helix structure is seen to remain largely unchanged. With the polarizers aligned parallel and perpendicular to the direction of the in-plane field, the region between the electrodes is observed to be nontransmissive ͓Figs. 2͑b͒ and 2͑c͔͒. As the relative angle of the polarizers is rotated, a characteristic lying-helix texture was identified ͓Figs. 2͑d͒ and 2͑e͔͒. At a relative angle of 45°, the transmission from the region between the electrodes is maximized ͓Fig. 2͑f͔͒. During both the "on" and "off" switching processes the optical response of the device occurs without disruption to the texture in the form of focal conic domains or oily streaks. Additionally, transmission spectra showed that the photonic band gap of the chiral nematic was blueshifted upon application of an electric field. This provides further evidence that the helical axis is rotated to an in-plane configuration, and not unwound ͑as in the case of a positive dielectric material, for which a redshift is observed 13 ͒. The operation of the device is demonstrated in Fig. 3 for a pitch of 260 nm. Photographs of the test cell between crossed polarizers and mounted on a light box are presented for different electric field strengths. In the absence of an electric field, the cell is optically black, and there is no discernible difference between the cell and the background regions of only crossed polarizers. As the field strength is increased, the transmission increases in a controlled, smooth way.
The measured transmission of the device, as a function of the applied electric field, is shown in Fig. 4͑a͒ . The change in transmittance through the device increases as the strength of the field is increased, with a threshold at approximately 5 V m −1 . At Ϸ18 V m −1 the transmittance saturates. The response time of the switching mechanism upon application and removal of the electric field is shown in Fig. 4͑b͒ . The switch-on and switch off-times on and off were measured from the 10%-90% and 90%-10% transmission levels, respectively. At full-intensity modulation ͑18.3 V m −1 ͒, it was found that on = 35 microseconds, and off = 1.5 ms. The midrange gray-level to gray-level response is of the order ϳ0.1 ms. The contrast ratio of the device was found by measuring the ratio of the luminance in the field-on transmissive state ͑lying helix͒, to that in the field-off "dark" state ͑standing helix͒. The luminance was determined from the transmitted spectra by integrating the intensity as a function of wavelength from 380 to 780 nm, weighted by the standard color matching function of the green component of light. 4, 19 The experimental contrast ratio was found to be CR= 952: 1 without any optical compensation film or back light intensity control. For comparison, if the off state was considered to simply be the crossed polarizers themselves ͑with no LC present͒, the contrast ratio is CR max = 1043: 1. This indicates that the dark state of the device is close to the darkest possible state achievable in our experimental system. The CR may be expected to be considerably higher if higher-quality polarizers were used, and/or the half-waveplate condition were optimized. Using the theoretical Berreman 20 method, a CR of 3200:1 is predicted using the typical device parameters of the following: pitch P = 263 nm, thickness 4.3 m, and an optimized birefringence Ϸ0.064. The transmitted intensity in the off state has been shown to depend strongly on the pitch ͑approximately P 6 ͒; 15 therefore a shorter pitch can lead to a contrast ratio that is considerably higher still.
In conclusion, this letter demonstrates a LC display mode with response time Յ1.5 ms, and a contrast ratio of Ϸ1000: 1. Further development of the materials and improvements to the device architecture, so as make ⌬ values more strongly negative, and to ensure maximum field strength at the sample, will help to reduce the applied voltage required for switching. The results show that this switching mode has considerable potential for fast light shutters and flat-panel display modes.
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